Mutants of Escherichia coli defective in the hexose phosphate transport system were isolated. Negative selection by penicillin treatment or positive selection with phosphonomycin was employed. These mutants grew normally on all carbon sources other than hexose phosphates. The map location of the mutations in 18 independently isolated mutant strains was investigated by transduction crosses. All of the mutations were found to lie in the same region of the chromosome, in the region represented by min 72 on the Taylor map. The order of the genes in this region was found to be mtl-cysE-pyrE-uhp-bgl-ilv. Revertants of some of the mutants exhibited altered regulatory control of this transport system.
take of hexose phosphates. We report here the application of a number of other selection procedures for the isolation of mutants affecting this transport system. A number of these mutants are characterized with respect to their map location and the properties of revertants derived from them.
MATERIALS AND METHODS
Media. The buffer for growth of cells was medium A of Davis and Mingioli (2) , supplemented with appropriate growth factors, such as thiamine (1 sg/ml), amino acids (each, 100 ,g/ml), and uracil (40 ,gg/ml). Carbohydrates were added to a final concentration of 0.5%, with the exceptions of G6P or salicin, whose concentrations were 0.2%. Fermentation of sugars was scored on tetrazolium indicator plates.
Media were solidified with 2% agar. Medium LB was employed in the genetic crosses (11) . Phosphonomycin was a gift from Merck Chemical Division, and freshly prepared solutions were used at a final concentration of 10 Ag/ml.
Strains. The E. coli strains used in this work are listed in Table 1 . Strain RK 1041 was constructed from W1450, obtained from B. Low. The pyrE60 mutation was introduced from RK1032 (AB4518 bgl+ by -cotransduction with bgl+. The cysE mutation was introduced by exposure to a P1 lysate propagated on JM 70, followed by one round of penicillin selection for cysteine auxotrophs. The bgl+ marker was isolated and scored by selection for growth on salicin as carbon source, since the utilization of salicin (a jB-glucoside) requires the proper functioning of the bgl system (13) . Cultures of strain Lin 6 growing in 1% Casamino Acids supplemented with 0.2% G6P were exposed to phosphonomycin. Incubation was continued for several hours, after which cell lysis was evident. The cells were then washed and plated on glucose medium, and the survivors were tested for their ability to grow on G6P.
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Transport assays. The activity of the hexose phosphate transport system was determined by the uptake of labeled G6P. Cells were grown in 1% Casamino Acids supplemented, when appropriate, with 1 mm G6P. When the cells reached mid-log phase, they were harvested, washed once with medium A containing 50 ;&g of chloramphenicol/ml, and then suspended in this medium to a concentration of 108/ml. For determination of transport, 0.9 ml of the cell suspension was added to 0.1 ml of "4C-GOP (5 mM, 1 ;Ci/ml), and a 0.4-ml sample was filtered after incubation at 25 C for 0.5 and 1.5 min. The filters were washed with 5 ml of medium A and immediately removed from the filtration apparatus. The filters were allowed to dry, and their radioactivity was determined in a scintillation counter.
Transductions. The genetic crosses described in this paper were Plkc-mediated transductions. Phage lysates of donor strains were prepared by adsorbing 104 plaque-forming units to 107 cells and plating these after 15 min at 37 C in 2.5 ml of LB soft agar (0.8%) on LB plates. All media contained 5 mM CaCl,. After incubation overnight at 37 C, the plates showed almost confluent lysis of the bacteria. The soft-agar layer was scraped into a centrifuge tube, mixed with several drops of chloroform, and centrifuged at 12,000 x g for 10 min. The pellet was washed with 2 ml of LB medium and centrifuged. The combined supernatant fluids usually contained 3 x 1010 to 7 x 1010 plaque-forming units/ml.
The phage lysate was adsorbed to 108 recipient cells/ml at a multiplicity of 5 for 30 min at 37 C. The cells were harvested by centrifugation, resuspended in medium A, and plated on selective plates. Selection plates were incubated for several hours at room temperature and then for 36 hr at 37 C. Recombinants were picked to the same selective medium and were then replicated to score the inheritance of the unselected markers.
RESULTS
Isolation of mutants. Mutants of E. coli which are unable to grow with glucose-6-phosphate as carbon source, but which grow normally on glucose, could arise from loss of the hexose phosphate transport system. Two selection protocols were used for the isolation of such mutants. The first involved penicillin treatment of EMS-treated cells of strain E15 (wild type) grown with G6P as sole carbon source. Those survivors that grew normally on glucose but with greatly reduced growth rates on G6P were selected. The nine independently isolated mutants designated uhp 11 to 15 and 17 to 20 were obtained by this method.
A second, direct selection was based on the fact that phosphonomycin (a bactericidal agent which inhibits the conversion of N-acetyl glucosamine to N-acetyl muramic acid) enters the bacterial cell on the transport systems for hexose phosphates or a-glycerol-phosphate (1, 6, 10). Strain Lin 6 (glpT) was employed as the parental strain so that entry of phosphonomycin on the glycerol-phosphate transport system was eliminated. Cells were grown on Casamino Acids medium supplemented with G6P. The addition of phosphonomycin resulted in extensive cell lysis within 2 hr. After one cycle of phosphonomycin treatment, 2 to 7% of the survivors were defective for growth on G6P; a second cycle of selection yielded cell populations in which 70 to 90% of the survivors were unable to grow on G6P. Nine independent isolates (uhp 21 to 29) were obtained by this method.
All 18 mutants chosen for further characterization exhibited wild-type growth rates with glucose as carbon source. Their ability to utilize lactose, gluconate, mannitol, ribose, glycerol, galactose, or Casamino Acids as carbon source appeared to be unimpaired. No significant effect of the addition of cyclicadenosine monophosphate (5 mm) on the growth of several of these mutants on G6P could be detected. The ability of these mutants to transport 14C-G6P was greatly depressed; Unequivocal verification of the close linkage of all of these mutations was provided by the determination of the gene order in this region of the chromosome. For this purpose, strain RK1041 was constructed carrying, in addition to the mtl, pyrE6O, bgl+, and ilv markers, a mutation in the gene cysE. This latter marker had been shown to cotransduce with pyrE, but its exact location had not been described (8) .
This strain was employed as a recipient for P1 phage grown on each of the 18 Uhp-strains. Selection was made for Cys+, Pyr+, or Ilv+ transductants, and the inheritance of unselected markers was determined by replicaplating. The only marker showing linkage to ilv was bgl, which gave 31% cotransduction (93 of 300 ilv+ recombinants). The distribution of donor markers among Cys+ and Pyr+ recombinants is presented in Table 3 and Fig. 1 . All of the data obtained with each of the 18 phage lysates have been pooled because they all gave essentially identical distributions of inheritance of the unselected markers.
The data in Table 3 indicate that cysE is between mtl and pyrE and that uhp is on the Cotransduction frequencies for markers in the vicinity of the uhp locus. Arrows point from selected marker to scored unselected donor marker; the double-headed arrow indicates the average of the cotransduction frequencies measured in both directions. The frequency for cotransduction of uhp and bgl was obtained from recombinants selected for pyr+. The values were calculated from the transductions described in Table 3 and Fig. 1 . Some of these revertants exhibited a temperature sensitivity for growth on G6P; these will be described in a subsequent communication.
A number of these revertants were tested for the regulatory behavior of the hexose phosphate transport system. Primarily, the revertants exhibited either normal inducibility or fully constitutive expression. The distribution of this regulatory behavior among the revertants studied is also shown in Table 4 . There was no apparent correlation between the reversion frequency of a mutant allele and its ability to yield constitutive revertants. On the basis of the assumption mentioned above, it appears that 6 of 15 of the mutations may have affected the structural gene, whereas the remainder may have altered a regulatory locus. However, further work is necessary before any of these mutations can be assigned to a specific gene. It is of interest that such a large proportion of these mutants yielded revertants of constitutive phenotype. DISCUSSION This paper represents the initial report of a genetic analysis of the regulation of the hexose phosphate transport system. The primary interest in this project derives from the unusual regulatory behavior controlling this system, a phenomenon termed "exogenous induction" (17, 18) . The inducing signal appears to be the presence of G6P on the outer surface of the membrane. Large pools of G6P can be established within the cell, but this pool apparently cannot serve directly as an inducer (7, 17) . This compartmentalization of a regulatory effector is reminiscent of the findings of Sercarz and Gorini, which indicated that exogenous arginine was more effective for the repression of the arginine biosynthetic pathway than was arginine formed within the cell (14) .
An initial analysis of the genetics of the hexose phosphate transport system has been provided by Kornberg and Smith (9) . They showed that mutants lacking phosphoenolpyruvate-carboxylase were inhibited in their growth on acetate by the addition of carbohydrates, such as glucose or G6P. Mutants resistant to growth inhibition by G6P, but still sensitive to glucose, were defective in G6P transport. These mutations gave about 50% cotransduction with pyrE. We have extended this finding with the mapping of a large number of mutants in this system which were isolated by two different selection procedures. Further, we have defined the gene order in this region.
Mutants which produced the hexose phosphate transport system constitutively were also isolated in Kornberg's laboratory (4). These mutations apparently are alterations of the regulatory system. These mutants, which also cotransduced with pyrE, were isolated by selection for growth on fructose-i-phosphate. We have isolated similar mutants, and these will be described later.
However, we found that among the mutants defective in hexose phosphate transport were a number whose revertants exhibited altered regulation. This implies that the original defect in these mutants might have been in a regulatory gene, although further work is necessary for such an assignment. Our finding that these mutations mapped in the same region of the chromosome as the other uhp-mutants implies that the regulatory locus is closely linked to the structural gene for this system. Experiments are in progress to provide the fine-structure mapping of this region, further characterization of revertants, and the dominance relationships of the mutant alleles.
